With the increasing importance of personalized medicine and genomics, biosensors have received considerable attention in various fields, including clinical diagnostics, food inspection and environmental monitoring. In particular, advances in electrochemical biosensing technologies for clinical diagnostics pave the way for ultrasensitive detection of nucleic acid sequences using miniaturized and low-cost devices suitable for point-of-use applications. This account reviews three major amplification strategies utilizing nanomaterials as (i) 'nanocatalysts' in electrocatalysis, (ii) redox active reporters ('nanoreporters') and (iii) cargos for redox markers ('nanocarriers'). In addition, and motivated by the need for reproducible and robust sensing, the integration of biosensors with microfluidic tools, including paper-based devices, are also covered. Widely investigated as electrode modifiers to improve Mol. Syst. Des. Eng.
Introduction
Advances in nanotechnology have defined a step change in analytical chemistry. Owing to their high surface-to-volume ratios, nanomaterials exhibit unique physiochemical properties that differ from their bulk counterparts, providing opportunities for improved biosensing. 1 For example, gold nanoparticles, which appear intense red due to the plasmonic effects, have found significant commercial success as colorimetric labels in one of the most established diagnostic tests: the home urinary pregnancy test. 2 In many ways, they represent the 'gold standard' in rapid diagnostic tests with colorimetric readouts, and have also been used to detect various infectious diseases, such as malaria; with over 276 million tests being sold in 2017. 3 However, such tests provide qualitative or at best semi-quantitative readouts. Accordingly, electrochemical biosensors have emerged as promising platforms for miniaturized devices and quantitative analyte detection. Since the first demonstration of an electrochemical glucose sensor in 1962 by Clark and Lyons, 4 glucose sensors have become the tool of reference for quantitative and low-cost diabetes monitoring. Indeed, as the field of diagnostics moves towards personalized medicine and molecular diagnostics, biosensors with defined specificity and high analytical sensitivity are essential to detect nucleic acids (NAs) at femto-and atto-molar concentrations in clinical samples. To this end, the development of amplification methods, involving either the multiplication of the target NAs (as in the case of polymerase chain reaction -PCR) or the amplification of biosensor signal itself, becomes critical.
Nanomaterials, due to their multifunctional nature, have facilitated the improvement of several key features in electrochemical bioassays, including sample preatrement, 5 analyte capture, 6 signal amplification 7 and transduction. 8 bioreceptor immobilization and charge transport properties, 9 nanomaterials have also demonstrated their potential to amplify electrochemical signals by generating increased numbers of electroactive reporters. Herein, we review recent advances in nanomaterial-based amplification strategies for electrochemical signaling, with a focus on nucleic acid detection for point-of-care diagnosis.
Nucleic acids as biorecognition elements
Bacterial diseases (such as tuberculosis) and their antimicrobial resistance to common antibiotics, such as penicillin, amoxicillin and erythromycin, represent a critical threat to global health 10 and can effectively be identified by
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genetically detecting the antibiotic resistome (antibiotic resistance genes). 11 Aside from the direct genomic detection of pathogens, microRNAs (miRNAs), the short non-coding RNAs involved in gene regulation, have also been found to be promising biomarkers for cancers and infectious diseases, through their role in cellular expression during infection. [12] [13] [14] The highly specific properties of NA hybridization constitute a fundamental principle of DNA biosensors (genosensors), and as such enable the detection of sequence-specific NA probes with high selectivity. 15 In addition to DNA and RNA, other synthetic NA structures with distinct backbone propertiessuch as peptide nucleic acids (PNA) that possess amino acid-based backbones with neutral overall net charge and locked nucleic acid (LNA) containing a methylene bridge have shown improvements in hybridization with target (natural) nucleic acids. 16, 17 Synthetic NAs not only possess high binding affinities to DNA and RNA (quantified by K D ), but are robust and allow the detection of single-base-pair mismatches. 18 Accordingly, the development of DNA-based sensors benefits a broad spectrum of analytical applications, including the detection of small molecules and proteins via SELEX-based aptamer recognition, 19, 20 DNA-processing enzyme activity, 21 DNA damage 22 and heavy metals ion analysis. 23 It is well-recognized that PCR remains the gold-standard method for DNA amplification in both laboratory and clinical settings, allowing exponential amplification of DNA via wellestablished protocols. More recently, isothermal amplification methods, such as loop mediated isothermal amplification (LAMP), recombinase polymerase amplification (RPA) and rolling circle amplification (RCA), have become increasingly important, and facilitate the development of NA assays applicable for remote-field testing. 24 Each of these methods has particular advantages and drawbacks, with all requiring bespoke optimization (of primer sequences, reaction concentration and reaction temperatures) to minimize non-specific amplification. Moreover, the use of NA amplification methods for diagnostics requires that biosensors can determine the presence or concentration of amplicons, either in real time or at the endpoint. Additionally, the integration of signal amplification strategies further improves the sensitivity of the assays. 7 Put simply, the direct detection of NA in clinical samples demands not only high sensitivity but also stringent specificity, to ensure discrimination of the target from a heterogeneous collection of other sequences present in the sample matrix. To this end, recent efforts have focused on the development of ultrasensitive biosensors that offer robust yet flexible approaches for NA detection in resource-limited settings. 25 
Electrochemical sensors for nucleic acid detection

Electrochemical methods
In recent decades, we have witnessed tremendous development of electrochemical biosensors as miniaturized and low-cost platforms for the rapid and sensitive detection of biomolecules. The basic principle of electrochemical detection relies on the transduction of an electrical signal, via a change in current, potential, accumulated charge or impedance, triggered by the recognition of a target biomolecular analyte ( Fig. 1 ). 26 Accordingly, a number of electrochemical techniques have been employed for the signal characterization and quantification; predominantly amperometry, linear sweep voltammetry (LSV), cyclic voltammetry (CV), differential pulse voltammetry (DPV), square wave voltammetry (SWV), and electrochemical impedance spectroscopy (EIS). In particular, pulse methods based on voltammetry, such as DPV and SWV, have been recognized to be amongst the most sensitive approaches for quantitative analysis, allowing the differentiation of both promptly decayed charging current and the faradic current with short measurement times. 27, 28 These methods however require system-specific optimization to maximize the signal gain, by tuning the pulse amplitude, frequency, and sampling time. 29 
Electron transport through DNA
The detection of NA sequences generally relies on the hybridization of a target sequence with an immobilized capture probe. For example, the self-assembly of thiolated ssDNA monolayers (SAMs) on gold has been extensively used to functionalize gold electrodes with well-controlled packing densities. 30 However, the interaction between gold and thiolated ssDNA limits the operating potential window within ±0.6 V with reference to Ag/AgCl at pH 7, in order to prevent the reductive desorption of thiolated ssDNA and oxidation of guanine nucleobase and thiol groups. 17, 31 Alternatively, a robust way of immobilizing ssDNA on an electrode is to take advantage of the rapid and strong biotin-avidin interaction by attaching biotinylated ssDNA to a streptavidin-covered electrode surface. 32 While the conformation of ssDNA strands exhibits mechanical flexibility, double-stranded (ds) DNA possesses a rigid rod-like behaviour, capable of bending towards the electrode surface. dsDNA also mediate electron transfer through its structure, 33 effectively acting as an extended nanoelectrode. 34, 35 Actually, at the current time, the mechanisms behind the DNA-mediated charge transport remain controversial. 36, 37 For example, a number of theories have been proposed based on the long-range charge transport through the π-π stacking of nucleotide orbitals mediated by the oxidation of guanine. 35 Conversely, Plaxco and co-workers have suggested that electrons are not transferred through the DNA strands themselves but through a contact-mediated mechanism, with the DNA duplexes bent towards the electrode surface. These claims have been supported by experiments in which guanine content, base mismatches and dsDNA probe lengths are varied. 37 
Thermodynamic and diffusion limitations
Since targets are often at ultra-low concentrations (down to the single molecule level), the thermodynamics of binding affinity must also be considered; specifically in regard to the k on and k off , of the biomolecular interaction. Indeed, the sensor response will not reflect the measurement of an ensemble of bound molecules but is triggered by individual binding events. 38, 39 Accordingly, the measurement time plays a crucial role when probing ultra-low concentrations, as this will be strongly influenced by the surface coverage of analytes and the capturing elements on the surfaces. Calculations by Sheehan and Whitman 40 suggest that concentration detection limits within the femtomolar range are limited by mass transport, which may require hours or even days for the analyte molecules to diffuse to the electrode surface. 41 However, this suggestion has been challenged by recent reports claiming sub-femtomolar detection limits, 42 and is most likely due to inconsistent definitions of detection time scales in the theoretical and experimental frameworks. 43 Specifically, it has been suggested that theoretical approaches actually model the mean diffusion time for an analyte to the electrode, whereas in practice, the sensor response corresponds to the minimum diffusion time that generates a detectable signal (from the tail of the statistical distribution of Brownian motion). 43 Furthermore, it should be remembered that a number of experimental techniques can overcome mass transport limitations, including sample pre-concentration using magnetic beads or flow-based assays that will be discussed later. Finally, reaction volumes must also be taken into account, since reductions in volume will decrease diffusion times but will also lower the mass of analyte. In this regard, one may quantitatively analyse such an issue through estimation of the Damköhler number, which relate reaction and mass transport time scales. 44 
Electrochemical detection of DNA
Early electrochemical approaches for the detection of nucleic acids involved the inherent electroactivity of nucleotide bases via either reduction or oxidation pathways. 45, 46 For example, the use of reduced graphene oxide (rGO) as an electrode material enables the detection of the four specific nucleobases within a potential window of 0.5-1.5 V vs. Ag/ AgCl under physiological conditions, and lower than their traditional oxidative potentials. 47 It should be noted that the redox potentials strongly depend on the properties of the electrode surface and history of pre-treatment. Nevertheless, nucleobase oxidation peaks are relatively weak and overlap with those of water oxidation, thereby limiting the scope of such approaches for biosensors.
Hybridization-based approaches later emerged for the detection of specific NA sequences by utilizing specific physical and electrical properties of ss-and dsDNA. 17 In these systems, redox indicators capable of reporting the presence of hybridized probes on the electrode have attracted considerable attention. 48 In particular, the ferro-/ferricyanide anion couple ([FeĲCN) 6 ] 3−/4− ) has become one of the most widely used redox indicators due to its sensitivity to surface coverage. 48 The presence of negatively charged duplex DNAs on the surface reduces the voltammetric redox signal, which enables the quantification of hybridized targets. 48 As an alternative redox marker, the hexaaminerutheniumĲIII) ion (RuHex, [RuĲNH 3 ) 6 ] 3+/ 2+ ) binds to the phosphate backbone of nucleic acids, forming conductive wires that generates electrochemical signals proportional to the amount of nucleic acids adjacent to the electrode surface. 17, 48 The formation of molecular wires can be used in combination with other redox labels, which increases the signal by up to 5-fold, 49 via electron transfer from the DNA layer to the electrode through the inner Helmholtz plane (IHP). 26 There are two main types of electroactive species; inner sphere redox probes (e.g. ferro-/ferricyanide and dopamine) that require direct contact with the electrode surface, and outer sphere redox probes (e.g. RuHex) that transfer electrons over short distances (within 2-3 Å) to the electrode via electron tunneling. 26 Inner sphere redox probes are much more sensitive to the electrode surface chemistry than outer sphere probes. 26 Alternatively, duplex-specific redox indicators, such as methylene blue (MB), can intercalate into dsDNA strands to allow the specific detection of hybridized probes. 17 MB is also known to covalently link to the end of hairpin probes that are tethered on the electrode, building switchable DNA architectures labelled with a redox indicator. 50 Due to the fact that clinical samples are highly heterogeneous, molecular diagnostic methods strongly benefit from molecular signal amplification methods. Inspired by the standard enzyme-linked immunosorbent assay (ELISA), electrochemical equivalents, namely, electrochemical ELISA or E-ELISA, hold promise towards ultrasensitive detection of nucleic acids. 51 Such an approach uses an enzyme label in a sandwich assay to amplify reporter molecules, in which the target NA is immobilized on a transducer substrate by a capture probe, followed by tagging with a label. Together with the rise of nanotechnology, a range of novel strategies have emerged to amplify electrochemical signals. 7 We now review the development of nanomaterial-based signal amplification techniques.
Nanomaterials for molecular signal amplification
An important feature of a nanomaterials-based biosensing platform is that it is able to amplify electrochemical signals under mild conditions, i.e. at lower oxidation potentials when compared to the direct oxidation of nucleobases, by generating electroactive species that subsequently produce detectable redox events on the electrode surface. Nanoparticles normally act as labels for captured nucleic acids, either through specific interactions, such as DNA hybridization or aptamer recognition, or non-specifically, such as electrostatic or π-π interactions. 7 Alternatively, "triggerable" amplification approaches, in which the presence of target NAs initiates the amplification activity of a freely-diffusing nanomaterial, have also been reported. In the current discussion, and as illustrated in Fig. 2 , amplification strategies are categorized on the basis of the role of the nanomaterial, namely, nanocatalysts (where nanomaterials act as catalysts that facilitate the production of electroactive species), nanoreporters (where the nanomaterials themselves act as redox active species) and nanocarriers (where the nanomaterials act as cargos loaded with reporter molecules).
Nanocatalysts
Catalytic signal amplification has become an essential tool in biology, where methods such as ELISA incorporating colorimetric, fluorescent or electrochemical detection are well-established. 52 Despite their high activity and specificity, enzyme-based assays suffer from a number of intrinsic limitations, such as poor stability, high production costs, and difficulties associated with storage. All of these prevent them from applications in harsh or remote environments. 53 Nanomaterials have emerged as an attractive alternative to enzyme-based assays, not only due to their enzymemimicking characteristics (which gives rise to the term 'nanozymes' 54 ) but also due to their multi-functionality. In a seminal report, Gao et al. reported the use of magnetic Fe 3 O 4 nanoparticles as peroxidase-mimicking nanomaterials and demonstrated their multifunctional nature. In such a system, nanoparticles are able to capture target analytes, extract them from the sample matrix and amplify the signal for the colorimetric immunoassay. 55 In other words, nanomaterials are able carry a large amount of recognition elements, such as antibodies, ssDNA or aptamers, but still preserve their active surface. In this regard, surface engineering of nanomaterials plays a key role in the optimization of biosensor performance, balancing the trade-off between capturing and catalytic capabilities. 56 In an optimized assay, nanocatalysts decorated with antibodies can lose up to 50% of their activity compared to their 'naked' counterparts in conditions yielding maximal signal intensity. 57 Accordingly, catalytic performance will be determined by a number of parameters, including composition, doping, size, surface coverage, experimental conditions, sample type, and detection methods.
Electrocatalytic amplification for microRNA detection was reported in 2006 by Gao and co-workers, using OsO 2 nanoparticles to catalyze the decomposition of hydrazine. 58 Here, an indium tin oxide (ITO) electrode, inactive to hydrazine at low potentials, was used to re-oxidize the catalyst, which enabled a detection limit of 80 fM for the extraction of RNA in a buffer solution, with a 60 minute hybridization step. 58 This electrochemical signal can be further amplified by designing a redox cycling system. 59 In such a method, a reversible redox probe with a fast kinetic response, produces a detectable signal at the working electrode that is regenerated by a catalyst (chemicalelectrochemical redox cycling) 60 or by the counter electrode in a microsystem (electrochemical-electrochemical redox cycling), 52 effectively forming a cyclic reaction pathway. It should be noted that in order to achieve ultrasensitive detection, redox-cycling systems should be designed to have faster kinetics than any side reactions. 59 Design requires careful consideration of the electroactive species involved and the types of electron transfer involved. 61 Progress in enzyme-mimicking nanomaterials has been extensively discussed in an excellent recent review. 56 In electrochemical systems, an emerging strategy is to employ composite nanomaterials to improve catalytic performance or add new functionalities. Fe 3 O 4 nanoparticles were amongst the first nanocatalysts used for signal amplification in a biological assay, 62 due to their ferromagnetic properties that greatly facilitate sample preconcentration and washing steps. Their multifunctional nature has facilitated new strategies in electrochemical biosensing. For example, Yadav et al. developed a composite nanomaterial comprising Fe 3 O 4 core particles decorated with Au nanoclusters that functionalize the particle with nucleic acids via gold-RNA interactions. 63 In follow-up studies, the authors further presented a complete assay for miRNA detection from cell culture and patient samples. 64, 65 As illustrated in Fig. 3 , miRNA is purified and extracted from the sample using commercial magnetic particles. This is followed by the conjugation and immobilization of the target on the electrode using the Fe 3 O 4 @Au nanoparticles. Subsequently, ruthenium-based redox reporter molecules can be detected by chronocoulometry. In addition, results demonstrated an improvement in the limit of detection (LOD) of three orders of magnitude (to 100 aM) when using ferrocyanide as the reducing agent. 64, 65 That said, the exact contribution of the nanoparticles to the catalytic cycles with the reducing agent remains unclear. Overall, the method leads to a time-to-result of approximately 2 hours and highlights the importance and challenges associated with the development of a full diagnostic assay from sample collection to result. Finally, other approaches have been proposed to increase the activity of the catalytic cycle using the synergetic effects of Fe 3 O 4 nanoparticles bound to metal complexes, such as CuĲII)-based organometals. 66 Catalytically active nanoparticles benefit from a support material that maximizes the number of catalytic sites, whilst minimizing the amount of material used. 67 A number of systems have been recently reported in the literature for miRNA and DNA detection using supported catalysts for signal amplification, such as Pt nanoparticles supported by TiO 2 nanospheres, 68 Pt or Pd nanoparticles supported by metal-organic frameworks (MOFs), 69, 70 Pt nanoparticles supported by graphene, 71 fullerene-CeO 2 composites with Pt nanoparticles 72 and Fe 3 O 4 /CeO 2 composites decorated with Au nanoparticles. 73 These approaches demonstrate superior performance when compared to associated bare catalyst nanoparticle systems, owing to the increase of active surface area and synergetic interactions with the support materials. Nevertheless, composite nanomaterial platforms often demand multiple synthetic steps, which limit their scalability. Accordingly, MOFs (metal organic frameworks), which can be synthesized in a single step, have been suggested as a promising electrocatalyst for biosensing. 74 The metal centers affords catalytic activity to the MOF nanomaterials, with the surface open to functionalization with biomolecules via organic ligands. There have been several reports demonstrating the peroxidase-mimicking properties of MOFs functionalized with streptavidin for DNA detection, either as an indirect label that binds to a streptavidin aptamer when target DNA is absent, 75 or as a direct label, binding the biotinylated complementary DNA strand. 76, 77 Recent advances in catalysis and magnetic separation of MOFs, suggest that such materials hold significant promise for electrochemical signal amplification. 78, 79 Sandwich type assays, where the target is immobilized between a capture and label probe, represent the most common approach for nanoparticle-based nucleic acid sensors. Taking advantage of direct interactions between nanomaterials and nucleic acids, the affinity reaction of the label may be bypassed. For example, carbon nitride nanosheets have been used as indirect labels in biosensing due to their strong interactions with ssDNA via π-π interactions. When no target NA strands are present, nanosheets bind the unhybridized capture NA probes and subsequently catalyze the oxidation of H 2 O 2 , thereby generating an electrochemical response. 80 Alternatively, certain metals ions, such as Ag + , 81 Cu 2+ , 82 or Pd 2+ , 83 interact with dsDNA and can be metallized in situ to form electrocatalytically active nanoclusters, which will be discussed in detail later. The non-specific labelling the NA targets implies that the detection of nucleic acids does not discriminate based on NA sequence, but can be achieved without the hybridization step. In other words, a fully non-specific approach does not result in a stand-alone diagnostic assay but serves as a test to detect the presence of nucleic acids within a sample. In this regard, Kim et al. reported a sensor based on CeO 2 nanoparticles for the detection of PCR products. 84 The catalytic activity of CeO 2 nanoparticles was found to be inhibited when dsDNA amplicons are adsorbed on the surface, as shown in Fig. 4 . 84 Such an electrochemical amplification and detection required only 6 minutes, with a proof-of-concept assay being applied to clinical samples. In this case, for the detection of amplified products, an ultralow detection limit is not necessary as the sensors should return a negative response when measuring unamplified DNA. Nevertheless, the assay remained prone to interfering agents present in human serum (due to the non-specific nature of the detection) and exposed the assay to a large number of false positives.
Due to their rapid and quantitative nature, one can also incorporate electrochemical biosensors with other established nucleic acid amplification strategies. For example, the Merkoçi group reported an assay for the Leishmania DNA detection from blood samples using isothermal amplification with modified primers and electrochemical detection. 85 The reverse primer was labelled with a magnetic bead for facile purification and immobilization of the amplicon on the electrode, and the forward primer was bound to a gold nanoparticle to amplify the signal by catalysing the hydrogen evolution reaction ( Fig. 5 ). Importantly, the entire procedure required less than 20 minutes at a constant temperature of 37°C, with a detection limit of approximately one parasite per milliliter of blood, offering a promising approach for point-of-care testing on clinical sample with minimal sample pretreatment.
In most of the approaches discussed so far, the target DNA and nanoparticle labels are immobilized on the electrode surface. Conversely, Crooks and co-workers have described a fundamentally different approach, where platinum nanocatalysts freely diffused in solution and generate a detectable signal on colliding with the electrode surface ( Fig. 6 ). 86 Specifically, nanoparticles were initially functionalized with ssDNA complementary to the target microRNA. This was followed by incubation with the target probe and a nuclease enzyme. Subsequently, cleavage of the hybridized probes exposes the catalytically-active nanoparticle surface, which in turn activates target recycling. Finally, the particle/DNA complexes were incubated in hydrazine, so that an electrochemical signal was generated from the catalyzed hydrazine decomposition reaction as a result of particle collisions with the gold ultra-microelectrode. The merit of this approach lies in its simplicity and versatility when compared to other methods. However, to date it has only been reported in buffer (and not complex biological media) and concentration detection limits are relatively high (∼5 pM).
In electrocatalysis, amperometry and voltammetry are the primary electrochemical detection methods used to quantify electroactive species produced by catalytic amplification. Alternatively, electrochemical impedance spectroscopy (EIS), one of the most well-established electrochemical methods, has also been leveraged to measure the extent of electrocatalytic reactions via the determination of the charge transfer resistance. 87 For example, Peng et al. developed a hybridization-based miRNA biosensor using RuO 2 nanoparticle labels to catalyze the polymerization of 3,3-dimethoxybenzidine (DB). This reaction produces an insulating layer of poly-DB on the electrode that alters the impedance response. 88 That said, the polymerization reaction has be run for at least an hour before detection by EIS. In conclusion, electrocatalysis offers excellent performance with respect to signal amplification, especially when combined with redox cycling. However, careful consideration of nanomaterial surface engineering is required to ensure optimal performance.
Nanoreporters
In regard to the use of electroactive nanomaterials as reporters in biosensor applications, we now discuss redoxactive nanomaterials, particularly those containing transition metals, which can be detected electrochemically. It should be noted that electrochemical signals scale with the number of detected atoms or ions, and thus are proportional to the volume of reporter. A simple approach, for example, involves labelling the target nucleic acid with a single nanoparticle. In this regard, Crooks and co-workers reported a method for the detection of hepatitis B DNA by hybridizing the target probe between a magnetic bead and a silver nanoparticle (AgNP). 89 After hybridization and magnetic extraction, AgNPs were mixed with an oxidizing agent, to allow the detection of silver ions by anodic stripping voltammetry. Significantly, the authors reported a 250 000-fold signal amplification using 20 nm AgNPs (when compared to methylene blue-labelled DNA) and a concentration detection limit of 85 pM on a paperbased device containing screen-printed electrodes. The ability to perform signal amplification within a paper device demonstrates the strength and simplicity of the approach, with only mild reagents and short incubation time being used. Several methods have also been used to further amplify signal, primarily by increasing the number of AgNPs per target strand. For example, a rolling circle amplification step was implemented followed by hybridization of AgNPs periodically along the elongated DNA strand (Fig. 7) . 90 Alternatively, the use of a support material, 91 dendritic AgNPs, 92 and AgNPs covalent aggregates 93 have also examined. Fig. 6 Electrocatalysis of freely diffusing platinum nanoparticles. An enzyme-assisted target recycling mechanism exposes the catalytically-active nanoparticle surface in the presence of target miRNAs, and is followed by the addition of hydrazine. The electrochemical signal generated by the catalytic decomposition of hydrazine is proportional to the exposed surface of Pt nanoparticles. Images reproduced with permission from ref. 86 . Copyright © (2017) American Chemical Society.
To amplify electrochemical signals without hybridizing nanoparticles labels to the target strand, in situ metallization of metal nanoclusters on nucleic acid strands has been demonstrated. For example, experimental studies have demonstrated the interaction of silverĲI) ions with cytosinecytosine (C-C) base pairs 94 and copperĲII) ions with dsDNA. 95 Here, a typical assay involves the capture of target NAs on the electrode, which is then contacted with a solution containing metal ions to form metal nanoclusters on the nucleic acid strands, either through redox reactions with a reducing agent or via electrochemical/catalytic pathways. [96] [97] [98] [99] [100] Subsequently, the metal nanoclusters are dissolved using a strong acid (e.g. for Cu nanoclusters) or electrochemically (e.g. for Ag nanoclusters), and quantified by stripping voltammetry. 96, 97 Recent studies have also reported the combination of metallization and hybridization chain reaction (HCR) to increase the number of binding sites for metal ions. Elongation probes are designed to form C-rich loops as seed sites for Ag nanoclusters, 98 or Y-shaped dsDNA shapes for Cu nanoclusters. 99 Gold nanoparticles have also been decorated with C-rich DNA strands to offer an increased number of seed sites for silver metallization. 101 Alternatively, graphene oxides can be used as a catalytic platform to assist in the in situ formation of Ag or Prussian blue nanoparticles. 102, 103 Here, graphene oxide interacts with the unhybridized capture ssDNA via π-π interactions and amplifies the signal when no target analytes are present in the sample, i.e. a 'signal-off' sensor. 102, 103 Direct detection of the nanoparticle labels also offers the possibility of multiplexing signals by incorporating nanomaterials with distinguishable redox peaks. For example, Merkoçi et al. have pioneered the use of quantum dots for multiplexed electrochemical biosensing. 104 This approach enabled the simultaneous detection of three DNA targets with PbS, ZnS and CdS quantum dot (QD) labels, with detection limits down to 270 pM for single QD labels and 2.7 pM for QDs loaded on latex beads. Building on this approach, recent advances include the integration of QDs labels with other amplification methods, such as nucleic acid amplification, 105 target recycling 106 or DNA elongation to increase the number of labels per target. 107 Despite the excellent detection limits, down to femtomolar levels, the use of toxic heavy metals and the requirement of time-consuming dissolution steps remain a concern. 105,106
Nanocarriers
Nanomaterials acting as cargos for redox reporters represent one of the most straightforward approaches for electrochemical signal amplification and have been widely used for nucleic acid detection. As one of the first strategies for amplifying biosensing signals, nanocarrier methods have seen relatively limited development in the past five years. That said, Kaur et al. reported a DNA biosensor based on a cobalt-porphyrin redox marker. 108 They observed a 1000-fold enhancement in the detection limit (3.8 aM) of short DNA sequences in buffer when loading the organometallic compounds on gold nanoparticles. 108, 109 A variety of nanoparticle-marker systems have been reported in recent years, including gold nanoparticles with methylene blue 110 or ferrocene, 111 Fe 3 O 4 nanoparticles with thionine or ferrocene, 112 multi-walled carbon nanotubes with thionine, 113 polymer nanoparticles with Cu 2+ ions, 114 and titanium phosphate nanoparticles with Cd 2+ ions. 49 More recently, versatile nanoporous MOFs have demonstrated high loading capacities for a variety of redox reporters, including ions (e.g. Cd 2+ , Pb 2+ ), 115 organometals (e.g. ferrocene), 116 and small molecules (e.g. methylene blue, 3,3′,5,5′-tetramethylbenzidine). 116, 117 Interactions between redox markers and nanoparticles include covalent bonds, 112,113 electrostatic interactions, 49 nanopore intercalation, 114, 115 physisorption, 116, 117 and goldthiol interactions, 110, 111 which control the loading process. The ability to load nanoparticle labels with several signal probes, such as Cd 2+ /Pb 2+ or methylene blue/ferrocene, enables a ratiometric signal analysis, using a dual-probe system to detect the ratio of the probe signal with respect to a reference. By using a ferrocene labelled hairpin probe on an electrode surface, and methylene blue on the nanoparticle tag, detection of the target analyte is more robust, since nonspecific adsorptions events of the nanoparticle labels on the electrode can be accounted for from the signal ratio. 110 More generally, recent research efforts have been focused on surface engineering of nanoparticle labels, with a view to increasing the loading capacity of redox indicators. For example, one can functionalize gold nanoparticles with dsDNA or ssDNA to increase the number of possible binding sites for RuHex 118 or methylene blue labels, 119 respectively. Alternatively, gold nanoparticles can form hybridizationinduced aggregates upon target recognition, which offer more binding sites for RuHex. In this manner, a 32-fold enhancement in detection limits has been reported when compared to a single gold nanoparticle label. 120, 121 On the other hand, a unique approach for miRNA detection was recently described by Gooding and co-workers, as illustrated in Fig. 8 . 122 Here, gold-coated magnetic nanoparticles were conjugated with complementary ssDNA labelled with methylene blue, and mixed with the sample solution containing target miRNAs. Nanoparticles were then brought in contact with the electrode using a magnetic field, generating a superlattice whose structure depends on the presence of dsDNA, and thus indicative of hybridized targets. Gold nanoparticles acted as the electrode material and the recorded signal was minimized as the presence of rigid hybridized probes (dsDNA) diminishes structural compactness. In this instance, the nanoparticles serve a dual purpose, not only acting as a nanocarrier for redox reporters, but also improving charge transport properties and thus signal transduction. It was found that the method enables the detection of targets down to 10 aM in whole blood, with a remarkably broad linear range of over 7 orders of magnitude. The use of magnetic core-shell nanoparticles enables the extraction of target miRNAs from blood samples after a 30 minute hybridization step, followed by a 5 minute step for electrochemical quantification. Table 1 summarizes the aforementioned roles of nanomaterials for amplifying electrochemical signals. The limits of detection and sample matrices are also indicated. We now discuss the application of noble metals, 123 metal oxides, 124 quantum dots, 125 2D nanomaterials, and MOFs 126 for electrochemical signal amplification.
Materials considerations
Noble metals. Noble metals are among the most commonly used nanomaterials in electrochemistry due to well-established synthetic protocols, high conductivity and an in-depth understanding of their fundamental properties. 127 In particular, gold nanoparticles have demonstrated excellent potential as cargos for redox markers, taking advantage of the strong interactions between gold and thiolated nucleic acids. 108, 109 The prospect of gold nanoparticles in signal amplification, nevertheless, remains unclear, because they exhibit broad redox peaks, as a consequence of their multivalences, as well as a low electrocatalytic activity. 128 On the other hand, silver ions exhibit exceptional sensitivity for electrochemical detection and generate sharp redox peaks. 129 Silver nanoparticles can be used as labels or formed in situ by metallization. 94 The ability to form silver nanoclusters in situ without requiring a label NA strand and high analytical sensitivity make this one of the most promising signal amplification methods for biosensing. 45 Similarly, copper nanoclusters can also label captured NA strands via metallization, showing greater stability than silver, but exhibiting broader redox peaks, due to the underlying two- Fig. 8 Gold nanoparticle networks as a DNA sensitive electrode. Iron oxide core/gold shell nanoparticles, functionalized with redox labelled single stranded DNA form a compact superlattice on the electrode when a magnetic field is applied. The compactness of this network is sensitive to the presence of hybridized double stranded DNA on the particle surface, therefore strongly impacting the electrochemical signal when a target sequence is present in the sample. Images reproduced with permission from ref. 122 . Copyright © (2018) Springer Nature. electron process. 44 Silver and copper can also act as electrocatalysts for the reduction of H 2 O 2 , in spite of their limited activity. 81, 82 Lastly, platinum nanoparticles have demonstrated the highest activity amongst peroxidasemimicking materials and possess a high compatibly with a wide range of substrates, thereby also giving excellent electrocatalytic amplification. 68, 71, 72 Metal oxides. The catalytic properties of Fe 3 O 4 have been known for more than a decade, and the material has been widely adopted for electrochemical amplification purposes. 55 Due to its multifunctional nature, Fe 3 O 4 has found numerous applications for signal amplification; as electrocatalysts, as a support material for redox indicators or as part of composite nanomaterials. 130 Additionally, their ferromagnetic properties greatly facilitate the pre-concentration of target analytes from complex samples and their subsequent immobilization on the electrode. 85 Cerium oxide has also attracted attention as a support material (e.g. for Pt nanoparticles) or as electrocatalysts. 72, 73, 84 Its catalytic properties are tunable and strongly depend on the concentration of oxygen vacancies on the surface, which can be controlled during synthesis. 131 However, metal oxide nanoparticles are often synthesized using solvothermal methods at elevated temperatures, and thus difficult to biofunctionalize. 124 Quantum dots. Based on the success of metal chalcogenide quantum dots, such as ZnS, CdS, PbS, as Abbreviations: CHA: catalytic hairpin assembly, EATR: enzyme-assisted target recycling, HCR: hybridization chain reaction, LOD: limit of detection, MOF: metal-organic framework, NP: nanoparticle, PCR: polymerase chain reaction, RCA: rolling circle amplification, RPA: recombinase polymerase reaction, RuHex: hexaaminerutheniumĲIII), TMB: 3,3′,5,5′-tetramethylbenzidine. fluorescent labels for biosensing, they have also been examined as labels for electrochemical detection. 125 Indeed, the sharp and distinguishable redox peaks of the metal ions have been shown to allow for multiplexed detection of up to three analytes with only one sensor. 104 2D materials. Two-dimensional (2D) nanomaterials have been widely applied for electrode modification, leading to remarkable improvements in signal transduction 132 and tunability of surface properties. 133 For signal amplification, 2D nanosheets have been used as high surface area cargos for redox markers, such as graphene and graphene oxide, and catalysts, such as carbon nitride for redox cycling and metallization. 71, 80, 102, 103 Metal organic frameworks. MOFs have been considered as one the most versatile platforms for signal amplification. 126 The high number of combinations of organic ligands and metal centers provide a route to tuning signal amplification characteristics, enabling loading of redox markers in nanopores, direct detection of electroactive metal centers and electrocatalysis. Nevertheless, further development of MOF nanomaterials for biosensing applications will be required, specifically in regard to their stability. 126 In conclusion, signal amplification using nanomaterials as cargos has evolved from commonly used single redox marker labels, and provides for an increased number of redox reporters at the electrode. The loading capacity of nanoparticle labels however limits amplification potential. The use of nanomaterials as redox reporters is simple to implement, provides for amplification factors of five to six orders of magnitude and can be easily combined with in situ metallization. That said, performance highly depends on the choice of nanoparticle label, and the general method requires an additional step to convert the nanomaterial to a detectable form. Finally, electrocatalysis represents one of the most powerful amplification tool in electrochemical biosensing and strongly benefit from the high catalytic activity and multifunctional nature of nanomaterials. However, the approach requires an additional incubation period with the substrate solution and does not currently allow multiplexed analysis.
Applications for point-of-care diagnostics
In 2003, the World Health Organization (WHO) introduced the 'ASSURED' criterion to define the ideal features of pointof-care (POC) diagnostic tests. 39 Put simply, such tests should be affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free and deliverable to end-users. 39 Recently, Peeling and colleagues 135 suggested two additions to these basic requirements. Real-time connectivity for digital healthcare 136 and ease of sample collection yield the 'REASSURED' criterion. 135 Indeed, sample collection and pretreatment remain a major challenge hindering the translation of biosensing strategies from laboratory settings to the field. To address this wish list, analytical instrumentation can be miniaturized and made to handle ultra-small sample volumes with minimal user input using the principles of microfluidics. [137] [138] [139] Such microscale systems can be easily integrated with external electronic architecture, to enable the performance of multistep assays with minimal user input. 140 In particular, microfluidic paperbased analytical devices (μPADs) offer an ultra-low cost platform to perform assays. Here, capillary flow is driven by the wicking properties of paper, owing to its microporous and hydrophilic structure, and thus pumps or other fluid actuation systems are not required. 141 μPADs have been extensively applied for the detection of infectious diseases, with several diagnostic tests being approved by the WHO for the detection of malaria and HIV at the POC. 141, 142 However, colorimetric readout only provides for a semi-quantitative interpretation of the result, with bulky and expensive instrumentation normally being needed for quantification. To address this need, Henry and co-workers pioneered electrochemical detection in μPADs, using screen-printed electrodes for the rapid and quantitative determination of analyte concentrations. 143 Since this seminal work, a wide range of techniques have been developed to fabricate and pattern electrodes on μPADs; including screen printing and inkjet printing of conductive inks, 144 evaporation or sputtering of metals, 145 as well as "reagentless" techniques such as laser scribing. 146 Very recently, exciting advances have been made in relation to the detection of nucleic acids on μPADs. For example, Crooks and co-workers presented an origamiinspired device comprising multiple sliding layers of paper that allowed for electrochemical detection of short target DNA sequences. 147 In a subsequent study, the authors implemented a signal amplification strategy (using silver nanoparticles) for the detection of the hepatitis B virus at picomolar concentrations (see Fig. 9A ). 148 Briefly, the hybridization of the target was first performed in a vial followed by introduction onto the μPAD. Subsequently, the top layer was slided to dispense pre-dried KMnO 4 , with silver ion concentration being quantified by the stripping voltammetry. Alternatively, Kokkinos et al. more recently described a paper-based lateral flow assay with quantum dots labels using a sputtered tin working electrode, in which CdSe/ZnS core/shell nanoreporters were dissolved using HCl and Cd 2+ ions detected by stripping voltammetry. 145 Furthermore, Whitesides and colleagues reported the first fully integrated and portable μPAD that combines nucleic acid isothermal amplification with electrochemical readout for the detection of M. tuberculosis genomic DNA (Fig. 9B ). 149 Here, the paper layer is sandwiched between the screenprinted carbon electrodes and a heating element. Recombinase polymerization reaction (RPA) reagents were mixed with the target DNA and RuHex redox reporters, and loaded onto paper. The detection of amplicons by square wave voltammetry afforded a detection limit of 11 CFU mL −1 after a 20 minute RPA. This proof-of-concept study demonstrated a fully integrated and automated assay for pathogen detection with little demand for equipment. Although μPADs are ideal for simple assays, protocols requiring long incubation times and high temperatures are often compromised due to fluid vaporation. To this end, polymeric or glass microfluidic devices are better suited to fully-integrated and complex assays. For example, Plaxco et al. integrated a gold microelectrode and a heating block module in a polydimethylsiloxane/glass microchip to perform loop-mediated isothermal amplification (LAMP) at 65°C over 60 minutes, and achieved a detection limit of 16 copies of Salmonella genomic DNA. 150 However, these microsystems require the use of external pumps, which hinders their use in resource-limited settings. It is clear that even though microfluidic systems greatly facilitate sample handling and integration of functional components, 137 they come with new challenges associated with electrochemical detection. These include robust electrode modification and the ability to measure ultra-small currents from microelectrodes. 140 Another issue relating to electrochemical biosensing is powering. Self-powered biosensors have already been demonstrated. For example, enzymatic biofuel cells at the counter electrode can provide power to the device whilst also setting the reference potential. This could be an interesting opportunity to drastically simplify device hardware. 151 Indeed, it is well-recognized that one of main obstacles for the implementation of electrochemical sensors, compared to colorimetric assays, at the POC is the requirement of a potentiostat. 26 Although portable potentiostats are now commercially available, devices with sufficient accuracy for ultrasensitive detection remain prohibitively expensive. [152] [153] [154] To this end, Whitesides and colleagues has developed an open-source potentiostat built using off-the-shelf components and capable of wireless communication via Wi-Fi or Bluetooth, 155, 156 greatly reducing the equipment cost by more than one order of magnitude. Additionally, the connectivity of potentiostats to smartphones opens the possibility of realtime data analysis, storage and transmission of patient data, and connectivity to cloud services. With the widespread development of cellular network technologies in countries with poor access to healthcare facilities, connected diagnostic devices are expected to transform patients' access to advice and treatment. 136 We anticipate that the development of lowcost connected sensors will be a crucial step towards nextgeneration digital diagnostics for mobile health.
Outlook
Nanomaterial engineering challenges
As previously illustrated, nanomaterials have many advantageous features for the amplification of electrochemical signals. That said, the use of nanoparticle labels is often constrained by their high surface-to-volume ratios, which means that nanoparticles aggregate in the high ionic strength solutions commonly used for electrochemical detection. To this end, surface engineering of nanoparticles is key in generating colloidally stable nanoparticles in high saline solutions, without compromising other functions, such as the affinity of biorecognition elements, the active surface for electrocatalysis and the loading capacity of redox reporter. In addition, non-specific binding of nanoparticles to proteins and device substrates can compromise detection specificity and sensitivity, and remains one of the most common factors limiting the performance of nanoparticle-based biosensors at ultra-low concentrations. This issue can be addressed by blocking either the electrode or nanomaterial surface, but to date these approaches remain empirical and are seldom systematically optimized. Rational approaches are emerging, with progress in surface engineering of nanomaterials and fundamental interaction of materials-biomolecules interfaces.
We also note that, despite recent advances in the use of nanomaterials in electrochemical biosensing, there are no widely-accepted benchmark method, such as gold nanoparticle labels in the case of colorimetric diagnostic tests. In this regard, there is an urgent need to establish methods that quantitatively compare novel amplification strategies. For example, the intrinsic amplification capability of a given nanoparticle label could be evaluated by directly capturing the labels on the electrode via biotin/avidin interaction. Put simply, standardized approaches is seldomly presented, but must be adopted to accelerate advancements in the field.
Extensive characterization of novel nanomaterials represent a crucial step for the progress of nanotechnology. In particular, electrocatalysis involves complex interfacial processes that have been examined in systems such as noble metals, metal oxides, MOFs, and carbon nanomaterials. Nevertheless, each material will catalyze a reaction via different mechanisms, which are poorly understood. 157 This issue limits the optimization and rational design of novel materials for electrocatalytic sensing. Recently, considerable efforts have been made to better characterize electrocatalytic materials, in particular with regard to stability, morphology and reaction mechanisms, using analytical tools such as mass spectrometry, electrochemical atomic force microscopy and photoelectrospectroscopy. 158-160
Next-generation nucleic acid detection approaches
Nucleic acid detection technologies have advanced significantly in recent years. In particular, the CRISPR/Cas technologies, widely studied for their genome editing capabilities, have attracted considerable attention as a tool for nucleic acid detection. 161 For example, CRISPR/Cas13 and Cas12a effectors exhibit ribonuclease activity upon target recognition, enabling the detection of DNA and RNA with remarkable sensitivity. 162, 163 This system, when combined with an isothermal amplification step, has been shown allow detection of a single target copy per microliter of biofluid within 2 hours, using gold nanoparticle labels for colorimetric readout. 162, 164 The assay can be adapted to other target analytes through design of an appropriate single guide RNA (sgRNA) and possesses multiplexing capabilities by combining orthogonal CRISPR/Cas systems. 163 Alternatively, a proof-of-concept strategy called CRISPR-Chip has described the immobilization of CRISPR/Cas9 on graphene field effect transistors (gFET) for the label-free (electrochemical) detection of unamplified DNA. 165 It is only a matter of time before this technology is applied to electrochemical detection with electroactive nanomaterials, representing exciting new avenues for double-signal amplification.
Next, it should be remembered that multiplexed detection of several analytes by a single biosensor remains a difficult task. 166 Current electrochemical strategies can detect up to three or four analytes on a single sensor; a number limited by the potential window and the intrinsic bandwidth of the redox reporter peaks. 26 Parallelization of biosensors detection offers a robust approach to increasing the multiplexing capabilities of a device using standard microfabrication technologies. Systems with up to several thousand parallel electrodes have been reported for oligonucleotide detection, using enzymatic labels for signal amplification. 167 However, most of these approaches require bulky instrumentation or robots to pipette the reagents onto microelectrodes. Microfluidics provide a promising platform to miniaturize these highly-parallelized systems with integrated signal amplification and detection strategies.
Progress in nucleic acid sequencing is transforming both epidemiological studies and personalized medicine. Nextgeneration sequencing methods commonly relies on solidstate membrane materials containing nanopores, with the passage of biomolecules through the pores being detected by the a change in current. 168 Whilst assays based on biomarker recognition, as discussed in this review, are essentially hypothesis-driven, sequencing pathogen genomes may simultaneously yield information on the genes of interest, e.g. genes from well-conserved regions or those encoding antibiotic resistance, but also on mutations, creating valuable epidemiological information for disease surveillance. The commercialization and miniaturization of next-generation sequencing technology is likely to make it an interesting addition to the molecular diagnostics toolkit. Indeed, portable devices, such as the MinION by Oxford Nanopore, 169 are now commercially available and capable of sequencing DNAs or RNAs when simply connected via USB to a laptop; highlighting their potential for rapid clinical response in resource-limited settings. 169 
Alternative biomarkers
Much activity has been devoted to the search for alternative biomarkers for disease detection via non-invasive procedures. In particular, circulating biomarkers, such as tumour cells, miRNAs and exosomes, in body fluids has emerged as robust tools for the detection of cancers and bacterial diseases, and additionally show great promise for electrochemical detection. [170] [171] [172] With the ever-growing number of molecular and physiological biomarkers, precision medicine is moving towards a scenario where data analysis is carried out via machine learning techniques. 173 Indeed, the development of biosensors capable of measuring a variety of analytes will require labels and amplification methods capable of high versatility, which could in principle be fulfilled by bespoke multifunctional nanomaterials.
Towards decentralized healthcare
Decentralization of healthcare systems involves moving medical procedures away from hospitals and surgeries and into the home. Such a transition necessitates the development of diagnostic tests that can be reliably used at the point-of-care by untrained users. In this respect, the development of POC tests must consider not only the assay itself, but also every step between sample collection and outcome interpretation. As detection limits and sensitivities improve, key challenges will include standardizing sensor preparation (robustness, scalability, electrode and nanomaterial synthesis), sample collection (pre-treatment and pre-concentration), assay times and quantitative performance (through positive and negative controls). 174 In this respect the Foundation for Innovative New Diagnostics (FIND) have compiled a list of guidelines for target product profiles, which details the minimum requirements of priority diagnostic tests to ensure that the needs of end-users are taken into account. 175 For example, in the detection of gonorrhoea resistance to antibiotics, an ideal test should require less than 20 minutes (excluding sample preparation), and cost less than 15 USD at volume production. 175 These recommendations set valuable guidelines for the development of nanomaterials-based electrochemical amplification for specific target diseases.
Ultimately, the interpretation of complex diagnostic data may always require medical specialists, with the decentralization of healthcare relying on the connection of end-users to the specialists via digital technology. 136 As such, electrochemical biosensors may become an ideal platform for mobile and digital health as they can be easily integrated with wireless communication and connected to a smartphone. With the development of mobile applications and online tools guiding patients for self-testing and followup, sensitive POC diagnostic tests can act as a first-round analysis before conducting more thorough laboratory tests, benefiting patients and the greater community.
Conclusion
Recent progress in nucleic acid detection offers multiple options for sensitive diagnostics with minimal equipment. Signal amplification strategies enable the development of electrochemical biosensors that access detection limits close to clinically relevant biomarker concentrations, without the need for a nucleic acid amplification step. In this review, we have attempted to highlight the multifunctional nature of nanomaterials, as electrocatalytic labels, cargos for redox indicators or reporters. Simultaneously, nanotechnology opens exciting opportunities for analyte capture and sample pre-concentration. The integration of these methods with microfluidic tools represents new pathways for the development of self-contained diagnostic tests that minimize sample handling and user input for practical clinical use. Clearly, the translation of research technologies into commercial products is an immense challenge, with few proposed methods being robust enough for commercial applications. Finally, we stress the urgent need for standard characterization procedures to understand, optimize, compare and ultimately improve the activity of nanomaterials for signal amplification.
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